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TubulinDyneins are minus end directed microtubule motors that play a critical role in ciliary and ﬂagellar movement.
Ciliary dyneins, also known as axonemal dyneins, are characterized based on their location on the axoneme, ei-
ther as outer dynein arms or inner dynein arms. The I1 dynein is the best-characterized subspecies of the inner
dynein arms; however the interactions between many of the components of the I1 complex and the axoneme
are not well deﬁned. In an effort to elucidate the interactions in which the I1 components are involved, we
performed zero-length crosslinking on axonemes and studied the crosslinked products formedby the I1 interme-
diate chains, IC138 and IC140. Our data indicate that IC138 and IC140 bind directly to microtubules. Mass-
spectrometry analysis of the crosslinked product identiﬁed bothα- and β-tubulin as the IC138 and IC140 binding
partners. This was further conﬁrmed by crosslinking experiments carried out on puriﬁed I1 fractions bound to
Taxol-stabilized microtubules. Furthermore, the interaction between IC140 and tubulin is lost when IC138 is ab-
sent. Our studies support previous ﬁndings that intermediate chains play critical roles in the assembly, axonemal
targeting and regulation of the I1 dynein complex.
© 2013 Published by Elsevier B.V.1. Introduction
Dyneins are minus end directed microtubule motors that are in-
volved in several cellular processes such as nuclear migration, chromo-
some segregation, and ciliary and ﬂagellar motility [1]. There are two
major groups of dyneins: cytoplasmic dyneins and axonemal dyneins,
the latter of which are found in cilia and ﬂagella. Studies using
Chlamydomonas, Tetrahymena, and sea urchin have shown that there
are two classes of axonemal dyneins, the outer dynein arms and the
inner dynein arms [2,3]. The outer dynein arms, homogeneous com-
plexes which repeat every 24 nm along the axoneme, are responsible
for controlling beat frequency; they also generate most of the power re-
quired for ciliary and ﬂagellar movement [4]. In contrast, the inner dy-
nein arms are more varied, repeat every 96 nm along the axoneme
and have been shown to regulate the size and shape of the ﬂagellar
bend [4].
The I1 inner dynein arm complex is the best-characterized subspe-
cies of the axonemal inner arm dyneins and as such provides an excel-
lent model for the study of assembly and regulation of microtubule
motors [5,6]. The isolated I1 dynein complex is comprised of two
heavy chains, 1αHC and 1β HC, three intermediate chains, IC140,
IC138, and IC97, and several light chains: LC7a, LC7b, LC8, Tctex1 and
Tctex2b [6].rehouse College, 830 Westview
ax: +1 404 507 8627.
endrickson).
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controlling the size and shape of the ﬂagellar bend [4,7,8]. Unlike
other inner dynein arms, I1 does not efﬁciently translocate microtu-
bules [9]. Also, I1 does not contain actin, suggesting that I1 is a unique
dynein complex [4]. Mutations in I1 subunits disrupt phototaxis and ab-
rogate normal ciliary and ﬂagellar waveform, indicating that the prima-
ry role of I1 is to regulate these processes [8,10–15]. Increased
phosphorylation of I1 correlateswith decreased dynein-drivenmicrotu-
bule sliding velocity [12,16,17]. Indeed, the activity of I1 is regulated by
axonemal kinases, such as CK1, and phosphatases, such as PP1 and PP2A
[17–20]. Reconstitution studies revealed that puriﬁed I1 added to axo-
nemes lacking I1 binds to a particular position on the axoneme, the
base of radial spoke 1 [21,22]. This suggests that there are speciﬁc
targeting and anchoring mechanisms for inner arm I1, similar to that
of the outer dynein arm [23].
A recent study elucidated the structure of the I1 dynein complex
supporting the previous hypothesis that the intermediate and light
chains form the cargo-binding domain at the base of the molecule
[24]. In axonemal dynein complexes, the cargo is the doublet
microtubule to which the complex is attached. To distinguish this
microtubule-binding domain from the adjacent double to which the
motor domain of the complex binds, we will refer to the microtubule
doublet at the base of the dynein complex as the “cargo”. IC140 has
been shown to play a key role in the assembly of the I1 complex; in
the absence of IC140 I1 fails to assemble [25,26]. IC138 was previously
characterized as the key regulatory subunit of the I1 complex andmuta-
tions that resulted in disruption of the protein's structure affect motility
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nein complex and bind directly to tubulin [15]. Furthermore, an IC138
regulatory sub-complex, consisting of IC138, IC97, LC7b, and a new ﬂa-
gellar protein that associates with I1, FAP120, was recently identiﬁed
[14,15,27,28]. Additionally, cryoelectron tomography studies have lo-
calized the IC138 regulatory subcomplex to the central region of the
base of the I1 complex, also known as the ICLC [24]. Taken together
these data suggest that all three of the intermediate chains in the I1 dy-
nein complex play key roles in the assembly, anchoring and regulation
of the complex.
This study tested the hypothesis that IC140 and IC138 can bind di-
rectly to tubulin and thus are involved in anchoring the I1 dynein com-
plex to the axoneme. A series of in vitro experiments, including covalent
cross-linking and a microtubule sedimentation assay, provide evidence
to support this hypothesis. These data are consistent with a model
wherein the intermediate chains are located at the base of the complex,
a key position for anchoring the complex to the axoneme as well as re-
ceiving and transmitting regulatory signals originating from the central
pair apparatus and the radial spokes.
2. Materials and methods
2.1. Cell culture and growth conditions
The following Chlamydomonas reinhardtii strains were used in this
study: cc-124 (wild-type); cc-125 (wild-type), cc-2230 (oda2, lacks
outer dynein arms); 6f5 (bop5-2, IC138 null); cc-4390 (bop5-3, IC138
null); cc-3921 (ida 7-1, IC140 null); cc-3055 (5C12b, HA-tagged α1-
tubulin). CC strains were obtained from the Chlamydomonas Resource
Center, while the 6f5 strain was obtained from Mary Porter and cc-
3055, which originated in the Rosenbaum lab, was obtained from Win
Sale. Strains were maintained on plates of L-media or Tris–Acetate–
Phosphate (TAP) media at a constant temperature of 22 °C with a
14:10 light:dark cycle. Liquid cultures were grown in Sager–Grannick,
L-media or TAP for a period of four nights before the axonemes were
harvested [29].
2.2. Isolation of axonemes, dynein preparation, and cross-linking
Axonemes were isolated according to the method previously de-
scribed [30]. Brieﬂy, cells were deﬂagellated using 25 mM Dibucaine
(Sigma-Aldrich) and the resulting ﬂagella were demembranated
with NP-40 (CalBiochem). The axonemes were then resuspended in
HMDE-NA (10 mM Hepes, 5 mM MgSO4, 0.5 mM EDTA, 30 mM NaCl,
and 0.6 trypsin inhibitor units of aprotinin). Alternatively, following
demembranation axonemes were treated with HMDE + 0.6 M KI,
which solubilizes most of the axonemal proteins, including the radial
spokes. This treatment yielded a fraction of KI-stripped axonemes.
To produce a puriﬁed dynein fraction, axonemes were isolated
and the dyneins were extracted in HMDE containing 0.6 M NaCl for
1 h [22]. The I1 dynein complex (f-dynein) was further puriﬁed
using ion exchange by liquid chromatography on a Mono-Q column
[31,32].
Protein cross-linking was performed by treatment with 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide HCl (EDC; Pierce Chemical,
Rockford, IL) for 30–60 min at room temperature. [11,33]. In some ex-
periments, the isolated axonemes were treated with 1 mM ATP-γ-S
for 5 min prior to EDC crosslinking. The cross-linking reactions were
terminated by the addition of β-mercaptoethanol to a ﬁnal concentra-
tion of 7× that of the EDC concentration. Samples were then ﬁxed for
gel electrophoresis.
2.3. Gel analysis and western blotting
Protein sampleswere resolved by SDS-PAGE on 7.5%, 5%, or 4–15% ac-
rylamide gels (Bio-Rad Laboratories). Total protein stain was performedusing either Coomassie Brilliant Blue or Silver Nitrate. Precision Plus™
Dual Color Standards or Silver Stain SDS-PAGE Standards High Range
was used as molecular weight markers (Bio-Rad Laboratories). Western
blottingwas performed on polyvinylidene diﬂuoride or Immobilonmem-
brane (Bio-Rad Laboratories). The following I1 antibodies were used at
the indicated dilutions: α-IC138 (1:10,000); α-IC140 (1:10,000) [11,26].
The rabbit polyclonal anti-HA antibody (1:1000) was used to detect the
HA-tagged tubulin. A horseradish peroxidase conjugated goat anti-
rabbit secondary antibody (Bio-Rad Laboratories)was used and immuno-
reactivity was detected by chemiluminescence.2.4. Mass spec analysis
Cross-linked and uncrosslinked axonemes were separated by gel
electrophoresis. The region of the gel that contained the crosslinked
product was excised and subjected to tryptic digestion. Tryptic peptide
mixtures were loaded with an autosampler (Eksigent, Dublin, CA) onto
a self-packed 75 μm ID capillary column containing 5 μm media with
300 Angstrom pores (Magic C18 AQ, Michrom Bioresources, Auburn,
CA). Peptides were separated using online nanoﬂow liquid chromatog-
raphy (Eksigent nanoLC 1D+) at 260 nL/minwith a 60-minute gradient
from 2% to 50% acetonitrile in water with 0.1% formic acid. Eluent
went directly into the sampling inlet of the mass spectrometer via a
nanospray source (PicoView 550, New Objective, Woburn, MA). Mass
spectra were acquired using a Thermo LTQ Orbitrap XL ETD or LTQ-FT
Ultra (Thermo Fisher). One parent ion scan (m/z 350–2000) (MS1)
was acquired to determine 6–8 data-dependent targets for (MS2). The
raw ﬁles were processed using LCQ-DTA software (Thermo Fisher)
and the resulting ﬁles were exported to MASCOT 2.2.06 (Matrix Sci-
ence) and searched against the NCBInr database (version 20110220).
Data were visualized using Scaffold 3.00.07 (Proteome Software,
Portland, OR).3. Results
3.1. IC138 and IC140 form crosslinked products when treated with EDC
Previous studies have shown that the intermediate chain proteins
of the I1 dynein complex bind to other components within the com-
plex [11,15,26]. It had been hypothesized that the intermediate
chains interact with each other, and data to support this have been
published showing interactions between IC97 and IC138 as well as
IC97 and IC140 [15]. Furthermore, EM studies have placed the inter-
mediate chains at the base of the dynein complex where they com-
prise the cargo-binding domain [21,24,34]. Taken together, these
data suggest that IC138 and IC140 interact with each other; however,
there is no direct evidence to support this hypothesis. To determine
which proteins bind directly to IC138 and IC140, we took advantage
of a crosslinking technique that has been used to elucidate the inter-
actions between axonemal proteins [10,11,15,26]. Axonemes were
isolated from C. reinhardtii cells and subjected to EDC crosslinking.
An immunoblot of crosslinked axonemal protein samples indicated
the presence of two prominent products, 200-kDa and approximate-
ly 350-kDa (Fig. 1). Since there are no molecular size standards
greater than 250-kDa, the size of the upper crosslinked product
was estimated based on comparison to other axonemal proteins.
The lower crosslinked product of 200-kDa, indicated with an
arrow in Fig. 1, appears to be of similar size in the IC138 and the
IC140 blots, suggesting that IC138 and IC140 are interacting with
a protein(s) of similar size(s). However, the band corresponding
to the upper crosslinked product is higher in IC138 and than it is
in IC140. Additionally, the upper crosslinked product does not ap-
pear to be as stable, nor is it as prominent, as the lower crosslinked
product.
Fig. 1. IC138 and IC140 form two EDC crosslinked products. Axonemeswere isolated from
oda2-1 cells and treated with 0, 2.5, 5, or 10 mM EDC for 1 h at room temperature. The
crosslinking reaction was stopped by the addition of β-mercaptoethanol at a concentra-
tion 7× that of the EDC used. The sampleswere then subjected to SDS-PAGE and analyzed
by (A) western blotting using antibodies to IC138 (1:15,000) and IC140 (1:10,000). (B) A
Coomassie-stained gel of the identical amounts of protein loaded for (A) is shown as a
loading control. The lower crosslinked product is of a similar size in both blots (arrow),
while the IC138 upper crosslinked product appears to be larger than the IC140 upper
crosslinked product.
Fig. 2. Dynein extract and Taxol-stabilized microtubules form the crosslinked products.
Dyneins were extracted from the axoneme in a high salt buffer then dialyzed to remove
the excess salt. The dialyzed dynein extract was subjected to EDC (5 mM) crosslinking
in the absence (Lane 1) or presence (Lane 2) of Taxol-stabilized microtubules. The prod-
ucts of the crosslinking reaction were separated by SDS-PAGE then either (A) silver
stained or further analyzed by western blotting using antibodies to (B) IC138 or
(C) IC140, as previously described. Crosslinked products of ~200 kDa (*) and ~250 kDa
(^) formed in the presence of dialyzed dynein extract and microtubules.
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The IC138 lower crosslinked product had been previously thought to
be approximately 100-kDa in size, based onmolecularweight standards
inwhich the largest proteinwas 177-kDa [11]. Based on that interpreta-
tion, it was hypothesized that the binding partner was the third
intermediate chain in I1, IC97. However, analysis using a different mo-
lecular weight marker that contains a 250-kDa standard indicated that
the lower crosslinked product is approximately 200-kDa (Fig. 1). The
lower IC140 crosslinked product, formed after treatment with EDC,
was previously reported to be slightly higher than 220 kDa [26]. In
these studies, the IC140 and the IC138 crosslinked products were
consistently found at ~200 kDa, indicating that both intermediate
chains are interacting with proteins of approximately 60-kDa. Since
neither IC138 nor IC140 was identiﬁed by mass-spec analysis in the
IC97 crosslinked product and the IC97 antibody fails to recognize the
crosslinked products of either IC138 or IC140, it is unlikely that IC97
is the binding partner for IC138 and IC140 in these crosslinking reac-
tions [15]. However, IC97 and one of the intermediate chains of
the outer dynein arm have been shown to interact directly with α-
and β-tubulin, which are the most abundant proteins in the axoneme
[15,33]. Moreover, since the intermediate chains are at the base of
the dynein complex in the cargo-binding region, which is attached to
the A-tubule of the doublet microtubule, we hypothesized that the
binding partner in the 200-kDa crosslinked product is tubulin. We
took additional steps to conﬁrm the IC140–tubulin and IC138–tubulin
interactions.
First, we took advantage of proteins isolated from Chlamydomonas
cells that lacked the outer dynein arm and a microtubule-bindingassay. Since the axoneme contains three times more outer dynein arm
complexes than inner dynein arm complexes, a dynein extract would
primarily contain outer dynein proteins. To enhance the concentration
of inner dynein proteins, we used the oda2 mutant, which lacks the
outer dynein arm. Dyneinswere salt-extracted frompuriﬁed axonemes,
dialyzed to remove the excess salt then incubated with Taxol-stabilized
microtubules. Following fractionation by centrifugation, the microtu-
bule pellet and the soluble fraction were independently subjected to
EDC crosslinking. The prediction was that if tubulin is indeed the bind-
ing partner in the 200-kDa crosslinked product, then the product should
form only when the dyneins are in the presence of microtubules. West-
ern blot analysis using IC138 and IC140 antibodies indicates that the
200-kDaproduct forms in themicrotubule pellet but not in thepresence
of the dialyzed dyneins only (Fig. 2).
To eliminate the remote possibility that another component in the
dynein extract could be involved in the formation of the crosslinked
product, the I1 (f) dynein was puriﬁed by FPLC. The I1 fraction was
then subjected to the microtubule binding assay as described above,
followed by crosslinking. As predicted, the 200-kDa product formed
when only I1 and Taxol-stabilized microtubules were present (Fig. 3).
The presence of tubulin in the 200-kDa product was further con-
ﬁrmed by crosslinking puriﬁed dynein to axonemes from a strain of
C. reinhardtii that contains HA-tagged α-tubulin [35]. Following isola-
tion, the axonemes were treated with 0.6 M potassium iodide, which
solubilizes almost all of the axonemal proteins, leaving behind a fraction
of tubulins (referred to as KI-stripped axonemes). EDC crosslinking of
the KI-stripped axonemes and a puriﬁed dynein fraction from oda2
cells resulted in the production of a similar crosslinked product as that
of Taxol-stabilized microtubules and puriﬁed I1 (Fig. 4A). Further sub-
stantiating the claim that the I1 ICs bind directly to tubulin, the HA an-
tibody was used as an alternative to detect the IC crosslinked product
since traditional anti-tubulin antibodies failed to unequivocally identify
the crosslinked intermediate chain products from among multiple
crosslinked tubulins.
Since the I1 dynein is known to bind to microtubules in an ATP-
sensitive manner via the heavy chains, crosslinking was carried out
in the presence and absence of ATP-γ-S to determine whether the
formation of the 200-kDa product was ATP-sensitive. The 200-kDa
crosslinked product was formed when the dynein was in either the
bound (with ATP-γ-S) or the relaxed (without ATP-γ-S) state, indicat-
ing that the ATP-sensitive dynein heavy chains do notmediate these in-
teractions between the intermediate chains and tubulin.
To further validate the results of the microtubule-binding assay, we
employed tandem mass spectrometry to identify peptide sequences in
Fig. 3.The IC crosslinked product forms in thepresenceof puriﬁed I1 and Taxol-stabilizedmicrotubules. Followingdynein extraction fromaxonemes, the I1 dynein complex (f-dynein)was
puriﬁed by FPLC then incubated with Taxol-stabilized microtubules. The microtubule-bound I1 fraction (microtubule pellet) was then subjected to EDC crosslinking. SDS-PAGE followed
by (A) silver staining or (B) western blotting using the IC138 antibody, revealed the presence of the 200-kDa crosslinked product (*) in reactions containing puriﬁed I1 andmicrotubules.
Lane 1: axonemes; Lane 2: crosslinked axonemes; Lane 3: puriﬁed I1 (f-dynein); Lane 4: concentrated I1 + 0.5 mM EDC; Lane 5: unpolymerized tubulin; Lane 6: microtubule superna-
tant; Lane 7: microtubule pellet; Lane 8: microtubule pellet + 0.5 mM EDC; Lane 9: microtubule pellet + 1 mM EDC; Lane 10: microtubule pellet + 2.5 mM EDC. The level of IC138 in
the puriﬁed I1 fraction (Ln 3) was below the detectable range; therefore, the I1 fraction was desalted and concentrated (Ln 4) before use in the crosslinking reaction. (C) The IC140
crosslinked product that was identiﬁed in the axonemes was also detected by the IC140 antibody when the microtubule-bound puriﬁed I1 complex was subjected to EDC crosslinking.
The axonemes used here were isolated. Lane a: MT-bound I1; Lane b: MT-bound I1 + EDC; Lane c: axonemes; Lane d: axonemes + EDC.
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before, crosslinked using EDC then separated by SDS-PAGE. The region
of the gel that contained the crosslinked product was excised and
subjected to MS/MS. The initial analysis yielded peptide sequences cor-
responding to 41 different proteins. To rule out the naturally occurring
~200-kDa axonemal proteins we compared the peptides that were
identiﬁed in the presence of EDC to those that were identiﬁed in the ab-
sence of EDC. Listed in Table 1 are the four proteins whose sequences
were unique to the EDC-containing sample only. α- and β-tubulin are
among those proteins found in the EDC sample. Taken together, these
data indicate that both IC138 and IC140 bind directly to tubulin.3.3. IC138 is required for the IC140–tubulin interaction
Recent studies have identiﬁed a sub-regulatory complex that con-
sists of IC138, IC97, LC7b, and FPA120 [27]. It was previously known
that a mutation in the IC138 gene, bop5-1, resulting in a truncated pro-
tein that lacks the C-terminal portion causes instability in the I1 com-
plex; LC7b was unable to assemble into the I1 [11]. In Chlamydomonas
cells bearing a null allele of IC138, the entire sub-regulatory complex
is missing from the assembled axonemal I1 dynein complex [27]. To de-
termine whether the loss of the IC138 sub-regulatory complex affected
the ability of IC140 to bind to the axonemal microtubules crosslinking
experiments were preformed on axonemes isolated from two IC138
null strains, bop5-2 and bop5-3 [14,27]. As shown in Fig. 5, the IC140
cross-linked product at 200-kDawas not seen in the axonemes isolated
from cells lacking the subregulatory complex, indicating that IC138 is
required for the IC140–tubulin interaction.4. Discussion
This study explored the interactions between the intermediate
chains of the I1 dynein complex and the axoneme, and provides crit-
ical insight to the roles of the intermediate chains and the interac-
tions between dynein motors and their cargo. We report here that
IC138 and IC140 both bind directly to microtubules. Additionally,
IC138 appears to play a role in the interaction between IC140 and
the axoneme. These data, along with previous studies, indicate that
the intermediate chains are key components in the assembly and
targeting of the I1 dynein complex to the axoneme. This study is
the ﬁrst to show that multiple subunits within a dynein complex, at
the cargo-binding (A-tubule doublet microtubule-binding) domain
interact with tubulin.
4.1. IC–tubulin interaction
The zero-length crosslinker EDC was used to determine which axo-
nemal proteins bind directly to the inner dynein arm ICs, IC138 and
IC140. The major advantage of using EDC is that it is not incorporated
into the crosslinked product and thus can give an indication of direct in-
teractions as previously shown for axonemal proteins [33]. Although
EDCmediated crosslinking does not provide information about the stoi-
chiometry of the interaction, it is useful for detecting direct interactions.
The process can be halted by the addition of β-mercaptoethanol, thus
decreasing the chance of spurious products forming. Previous studies
reported that IC138 forms crosslinked product of approximately 250-
kDa and IC140 forms a crosslinked product slightly above 220 kDa
[11,26]. It was initially hypothesized that the binding partner for both
Fig. 4. Tubulin forms a 200-kDa crosslinked product in an ATP-independent manner. To determine whether the intermediate chains would interact with axonemal tubulin in a manner
similar to that whichwas observed for the Taxol-stabilizedmicrotubules and I1, KI-stripped axonemes were incubatedwith a puriﬁed dynein fraction then subjected to EDC crosslinking.
(A) Immunoblots using antibodies to IC138, IC140, and HA, which recognizes the HA-tagged tubulin, each detected a crosslinked product of approximately 200 kDa. (B) To determine
whether the formation of the crosslinked product is affected by ATP hydrolysis, ATPγS was added to the crosslinking reaction. As indicated by the presence of the crosslinked product
for IC138 and IC140 in the presence and absence of ATPγS, these interactions between the intermediate chains and tubulin are not ATP dependent.
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upon closer inspection we discovered that the size of the crosslinked
product was closer to 200-kDa. The discrepancy can be explained by
the use of a molecular weight marker that lacked a band higher than
177-kDa in the previous studies. The development of markers with
higher molecular weight bands has allowed us to more accurately de-
termine the size of the crosslinked product for both IC138 and IC140.
The corresponding band is closer to 200-kDa, suggesting that the bind-
ing partner is closer to 60-kDa rather than the previously thought 100-
kDa. This new development required the working hypothesis of anIC138–IC97 interaction and an IC140–IC97 interaction to be revised.
Furthermore, a similar study on IC97 failed to identify an interaction
with either IC138 or IC140 [15]. In retrospect, this is not particularly sur-
prising as IC97 is unlike any previously characterized intermediate
chain of axonemal or cytoplasmic dyneins. While IC138 and IC140, as
well as the intermediate chains of the outer dynein arm and the cyto-
plasmic dynein complex, have all been characterized asWD-repeat con-
taining proteins, IC97 does not contain WD-repeats [11,15,26,36].
However, this does not rule out the possibility of interactions between
all three intermediate chains of the I1 complex. Further analysis of the
Table 1
Peptides identiﬁed by mass spectrometry of the crosslinked product.
Following crosslinking of isolated axonemes, the proteins were separated by SDS-PAGE.
Bandswere excised from the 200–250-kDa region and the N250-kDa region then analyzed
by tandemmass spec. 41 different proteins were identiﬁed. Following elimination of pep-
tide sequences that were found in the reaction without EDC and the proteins that were
greater than 65-kDa, we were left with four possible candidates. The likely binding part-
ners, based on the peptide sequences from the 200-kDa region are listed here. The aster-
isks (*) indicate the proteins found in abundance in the crosslinked product.
Protein name Predicted MW (kDa)
Tubulin beta-2⁎ 50
Flagella associated protein gi|158281011|gb|EDP06767.1| ⁎ 59
Flagellar outer dynein arm-docking complex protein 2 62
Tubulin alpha-2 chain⁎ 50
⁎ Proteins that were abundant in the crosslinked product.
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how all three intermediate chains interact within the I1 complex.
The loss of IC97 as a viable candidate for the binding partner of IC138
and IC140 required us to look elsewhere. Since the binding partner was
predicted to be approximately 60-kDa and the most abundant axone-
mal proteins in that size range are α- and β-tubulin, we decided to in-
vestigate the possibility that the binding partner was one or both of
the tubulins. Several dynein intermediate chains, including IC97 and
one of the intermediate chains of the outer dynein arm (IC78) have
been shown to bind microtubules [15,37].
The ﬁnding that I1 interacts with microtubules via the base of the
complex is surprising given that previous studies have shown that I1
binds to the B-tubule of the adjacent doublet microtubule via its heavy
chains in an ATP-sensitive manner [9,13,38–40]. However, since EDC
crosslinking facilitates a covalent bond between proteins that are in di-
rect contact with each other and detailed structural analyses of the I1
complex show that the intermediate chains are spatially separated
from the heavy chains, it is unlikely that heavy chains are contributing
signiﬁcantly to the interaction between the intermediate chains and
the microtubule. Additionally, a covalently linked complex containing
a heavy chain would migrate signiﬁcantly slower than would a 200-
kDa complex and the mass spec analysis of the crosslinked product
did not identify any peptide sequences that correspond to either of
the I1 heavy chains. Furthermore, the formation of the 200-kDa
crosslinked product appears to be insensitive to the presence of ATP
since relative amounts of the product being form are unaffected by theFig. 5. The IC140 crosslinked product ismissing in axonemes that lack IC138. To determine
whether the IC138 regulatory sub-complex is involved in regulating the interaction be-
tween the axoneme and the I1 complex EDC crosslinking was performed on axonemes
isolated from an IC138 null mutants, bop5-2 (6f5) and bop5-3. Axonemes were isolated
and treated as previously described, then analyzed by SDS-PAGE and western blotting.
The IC140 antibody failed to identify the 200-kDa crosslinked product in axonemes isolat-
ed from cells lacking the IC138 regulatory subcomplex. A Coomassie stained gel of similar
loads that were used for the western blot is shown (tubulin region) as a loading control.addition of a non-hydrolyzable form of ATP. This suggests that while
the motor domain is responsible for the binding and release of the dy-
nein to the B-tubule of the adjacent doublet, the intermediate chains
are also capable of binding to the doublet microtubule. However, this
interaction may be transient in the absence of the docking complex,
and therefore not detectable unless covalent bonding stabilizes the
interaction.
Previous studies carried out using truncation mutants of IC138
(bop5-1) and IC140 (ida7::5A) provide insight into the possible
microtubule-binding domain of IC138 and IC140. The C-terminal
region of IC138 is not required for the assembly of the protein
into the I1 complex [11]. Furthermore, the crosslinked product is
still detected when the protein is truncated prior to the seventh
WD-repeat [11]. In cells containing a truncated IC140 (ida7::5A),
the I1 complex still assembles [25]. In both instances, bop5-1 and
ida7::5A, the IC–tubulin crosslinked product is present [11]. This
suggests that the microtubule-binding region of IC138 lies some-
where other than the seventh WD repeat, and perhaps not in the
C-terminus at all. Likewise, the microtubule-binding domain of
IC140 is not contained within the N-terminus region. The exact lo-
cation of the microtubule-binding domain in these intermediate
chain dyneins will require further study.
4.2. The IC138 regulatory subcomplex as facilitator
The IC138 is critical for the assembly of IC97, LC7b, and FAP120 into
the I1 dynein complex [10,11,15,27,28]. Based on the results reported
here, it also appears that IC138 facilitates the interaction between
IC140 and the axonemal microtubules. While IC138 is not critical for
the assembly of the complex, IC140 is. However, IC138 does play a crit-
ical role in the regulation of the I1 dynein. It now appears that the role of
IC138 is not limited to regulation, but may also include assembly and
anchoring. A previous study characterizing the third intermediate
chain in the I1 complex found that IC97 interacts with the axoneme as
well [15]. Furthermore, a cryoelectron tomography study by Heuser
et al. on the I1 complex indicates that I1 is connected to the axonemes
through multiple interactions [23].
As shown by Smith and Sale, I1 binding to the axoneme occurs at
speciﬁc 96-nm intervals [9]. Nicastro et al. revealed the exact location
of the I1 complex on the microtubule doublet [34]. However, I1 binding
to Taxol-stabilized microtubules in vitro, is not restricted to 96-nm in-
tervals as it is on isolated axonemes, implying the presence of a
targeting complex. Taken together, these data support the placement
of the intermediate chains at the base of the dynein complex where
they are involved not only inmotor activity regulation as previously de-
termined, but also in the binding of the complex to the element that
deﬁnes I1's periodicity [11,24–27]. This deﬁnes a new role for the inter-
mediate chains of dynein complexes.
We propose that the intermediate chains play critical roles in the as-
sembly of I1 and its subsequent binding to the doublet microtubules in
the axoneme, perhaps via a docking complex. Additional studies of the
interactions between the I1 intermediate chains and other non-I1 pro-
teins could provide useful information about the I1 targeting mecha-
nism. Analysis of the larger crosslinked product could provide valuable
clues as to the nature of the other proteins that interact with the I1
intermediate chain dyneins. Furthermore, the I1 dynein complex con-
tinues to be an exceptionalmodel for studying the interactions between
a motor protein complex and its cargo.
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